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Abstract 
The development of scramjet technology has presented the need for methods to analyse the 
temperature of the hypersonic flow experienced internally by the scramjet. A new technique 
has been proposed that incorporates an infrared window in the wall of a duct, a thin black film 
is placed between the flow and the window. This allows an infrared sensor to measure the 
surface temperature by reading the radiation emitted from the underside of the film, through the 
window. 
A semi-infinite analysis was performed on the thin film, assuming the material was either a 
graphite coating, or a Krylon™ matte black paint coating. It was found that the graphite film 
would have to be below 14μm, and the Krylon™ film below 4.5μm for the temperature on the 
underside of the film to experience a third of the change seen by the surface. Magnesium 
fluoride was chosen for the IR window due to its transmissivity and material properties. Bench 
tests were performed by applying heat to one side of the film, and measuring the cooling of 
either side with IR sensors. This showed a trend for temperature decrease but with a temperature 
difference of 35°C with the Krylon™ film. The graphite film showed similar trends with a 
larger temperature difference between surfaces, which is thought to be due to the calibration 
process only being performed on the paint. 
An experiment was carried out in the X2 expansion tube using both the painted film and 
graphite film, and two flow conditions; a Venus atmospheric entry condition and an air 
condition. Analysis with Schultz and Jones’ (1973) exact thin film theory showed an increase 
in temperature was expected for the graphite film underside, but was unlikely with the painted 
film. The painted film showed an oscillating response followed by a 40°C, and 20°C 
temperature change in the Venus and air conditions, respectively. The graphite film shows a 
temperature change of 325°C and 150°C for the Venus and air conditions, respectively. It was 
concluded that the Krylon™ film is likely due to errors because of the trend, whilst the graphite 
film is too transmissive at its current thickness of 5-6μm. 
The new method of infrared thermography to measure ducted hypersonic flows remains 
invalidated, which was the main aim of this study. A greater understanding has been gained, 
and in future development it is recommended that a thicker graphite film is used, or other carbon 
materials researched, and that the calibration process is undertaken in the exact conditions of 
which the experiment will be performed. 
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Chapter Summary 
Chapter 1 – Introduction 
Provides an introduction to the topic and details the purpose, aims and objectives, scope and 
relevance of the thesis 
Chapter 2 – Literature Review 
Provides an extensive literature review covering an introduction to scramjets, different methods 
of acquiring surface temperature, thermography and the technique under investigation. 
Chapter 3 – Theory  
Details the theory relevant to the topic, with a particular emphasis on radiation and transient 
conduction. The basics of relevant optical theory and material properties are also presented. 
Chapter 4 – Bench Experiments 
Provides all relevant information regarding the bench experiments performed looking at the 
heat transfer across a thin film, as well as transmissivity and reflectivity. 
Chapter 5 – X2 Expansion Tube Experiment 
Provides an analysis of the conditions and details the experiment undertaken in the X2 
expansion tube, critically evaluating the results obtained. 
Chapter 6 – Conclusion and Recommendations 
Discusses the results obtained linking back to the objectives of the thesis and provides 
recommendations for future work.
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1. Introduction 
The development of scramjet technology has presented the need for methods to analyse the 
temperature of the hypersonic flow experienced internally by the scramjet. This is of importance 
to engineers to better understand the ignition and combustion processes of the scramjet. 
Traditional methods that incorporate physical means of measuring temperatures are limited by 
the hypersonic flow temperatures that become destructive to the equipment used. 
Among other optical techniques infrared thermography has been employed in such instances to 
measure the temperature but has been largely restricted to external surfaces. Recently, a new 
technique was proposed that allows for the measurement of internal surfaces through the 
incorporation of a high transmissivity infrared window. A thin material with high emissivity 
can then be placed on the inner surface of the window to act as a radiation source; infrared 
thermography can be used to measure the temperature of this film through the window if the 
film is thin enough. 
In a fourth year thesis titled ‘A Newly Proposed Technique for Measuring Internal Surface 
Temperatures in Short Duration Impulse Facilities’ undertaken by Matthew Sollart (2015) this 
method was discussed in detail. A bench experiment was undertaken to investigate the 
feasibility of the proposed technique, and a proof of concepts experiment developed to be 
performed in the X2 expansion tube. Whilst the bench experiment proved the concept was 
feasible, it was not possible for the proof of concepts experiment to be performed under the 
desired high enthalpy flow conditions. It is therefore desirable to further validate this technique, 
and perform the proof of concepts experiment under the ideal conditions. 
 
1.1. Purpose 
The purpose of this thesis is to continue the research efforts into the validation of the newly 
proposed thermal imaging technique. As well as re-performing the bench tests undertaken 
previously, further research will be performed to develop the method and gain a deeper 
understanding of the heat transfer characteristics that govern the response of the method. The 
overall result will provide a validated means for measuring the heat transfer of internal surfaces. 
 
2 
 
1.2. Aim and Objectives 
The overall aim of this thesis is to validate the thermal imaging technique in high enthalpy 
flows, providing a means to measure internal surface temperatures. 
To achieve this, the objectives of the thesis are: 
• Perform a literature review analysing the current methods for measuring temperatures of 
scramjet surfaces, a review of relevant theory, and a review of material available on the 
use of curved windows in optics. 
• Replicate bench experiments demonstrating the concept of the new infrared temperature 
measuring technique through calibration of infrared sensors and measurement of heat 
transfer through a Krylon™ coating. 
• Reproduce the bench experiments using a thin carbon film coating, and investigate the 
reflectivity and transmissivity of the film coating. 
• Apply methods to increase flow enthalpy, and perform a high enthalpy validation test in 
the X2 expansion tube. 
 
1.3. Scope 
What is included in the scope and considered beyond the scope of the project is displayed in 
the table below. 
Table 1: Project scope 
In Scope Out of Scope 
Literature review analysing: 
- methods of temperature measurement 
- application of infrared thermography 
- previous work completed on the proposed 
infrared technique 
- the use of curved infrared geometries 
- Researching methods to optimise the expansion 
tunnel 
- Computational fluid dynamics 
- Performing a numerical analysis of model 
surface  temperatures 
- Manufacturing a curved geometry model 
Review theory governing heat transfer across the 
thin film coating and the infrared window, and 
theory for the optics.  
Theory pertaining to the analysis of a scramjet 
combustor, and temperature measuring techniques 
other than infrared or a thermocouple 
Review the choice of materials previously selected in 
past research. 
Performing experiments on all materials discussed in 
past research 
Perform calibrations of the Mullard and Thorlabs 
infrared sensors against a thin copper strip with a 
Krylon™ coating, and a thin carbon coating. 
 
Building an amplifier for the Mullard sensor 
Perform bench experiments on a test piece with a 
Krylon™ coating, and a thin carbon coating. 
- Organise procurement and manufacture of 
necessary test pieces and windows 
- Any milling required for manufacture (to be 
performed by UQ workshop) 
- Carbon coating (to be performed by a trained 
operator) 
 
Perform a proof of concepts experiment in the X2 
shock tube with high enthalpy flow 
Operation of the X2 shock tube (to be performed by 
trained operators) 
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1.4. Relevance 
The research carried out in this project has the aim of validating a new technique to apply 
infrared thermography to measure the internal surface of a scramjet. As the scramjet is the 
subject of interest for many researchers around the world the successful validation of this 
measurement technique may provide a new tool to assist in the analysis and characterisation of 
flow through the scramjet. Further research is being conducted into the use of curved geometries 
which would further extend the applications of this method. 
The potential benefits of this method are: 
 The need for discrete instrumentation can be reduced, or eliminated. This will reduce 
the financial costs of frequently replacing instrumentation, and reduce the time 
required to manually replace the instrumentation. 
 A map of the surface temperature can be produced without the need for a large array 
of discrete sensors. 
 No disruption to the flow will occur due to the presence of a physical sensor, or 
coating. 
Although the focus of the research conducted has been on the use of this method in scramjet 
applications it is by no means limited to just this use. The technique could be used for any 
application in which the temperature and/or heat transfer experienced by the internal surface of 
an object is to be determined. In fact, the method could also be used for the measurement of 
external surface temperatures in cases where it is impractical to take an external measurement. 
For example the surface of a blunt body in a hypersonic flow, where the sensor could be 
mounted internally. This high adaptability of the technique being validated exemplifies the 
relevance of this research. 
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2. Literature Review 
2.1. Scramjet Engines 
The scramjet, or supersonic combustion ramjet, is an extension of ramjet technology in which 
the flow through the combustor is supersonic. Interest in scramjet technology gained 
momentum in the late 1950s when multiple studies concluded that the scramjet engine 
theoretically offered superior performance to that of the ramjet in the range of Mach 4-8 
(Curran, 2001). 
Due to the high speeds that the scramjet travels at, the requirement for machinery to compress 
the incoming air is no longer needed as this can be achieved through area changes in the inlet 
and diffuser prior to combustion (Segal, 2009). A shock train is generated upstream of the 
combustor entrance due to the generally diverging area of the combustor and the lack of a 
geometric throat at the nozzle exit. This leads to the efficient operation of a scramjet through a 
range of flight speeds (Curran, 2001). A schematic of a generic scramjet engine is displayed in 
Figure 1. 
 
Figure 1: A schematic of a generic scramjet engine (Fry, 2004) 
Despite the apparent simplicity of the scramjet engine, successful implementation of the 
technology has been a challenge. One of these challenges arises from the extreme conditions 
within the combustor. Rapid variations in temperature and heat flux, often beyond the material 
limits requiring cooling, make this an area of ongoing research (Trelewicz et al., 2015). The 
importance of characterising the internal wall temperatures and heat transfer leads to the need 
for a technique to reliably measure these properties in a cost effective manner. 
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2.2. Methods of Surface Temperature Measurement 
There are a number of different methods employed to measure the surface temperature and heat 
transfer in hypersonic applications. It has been common practice to use discrete instrumentation, 
including thermocouples, thin film gauges, and Schmidt-Boelter gauges.  
The use of thermocouples in hypersonic heat transfer measurements has been common place 
due to the ability of the thermocouple to measure transient temperatures. The quick response 
allows for measurement of temperatures in high enthalpy flows that have an ultra-short 
duration. The high enthalpy flow results in the reduced lifetime of the thermocouple, and the 
necessity for frequent replacement introduces issues with accuracy and repeatability (Menezes 
and Bhat, 2010).  
Thin film gauges have also been extensively used in impulse facilities; they are made of a thin 
film of metal residue which is either painted or sputtered onto an insulator substrate. The gauges 
are inherently fragile due to the weak metal to insulator bond which introduces measurement 
errors as the high speed flow of a shock tunnel erodes this metallic coating, altering the sensor 
resistance (Irimpan et al., 2015). 
Schmidt-Boelter gauges are generally given less consideration for use in short duration impulse 
facilities as they are regarded as quasi steady state sensors. Their response to transient heat 
transfer is most often too slow for the desired applications (Kidd and Adams, 2001). 
The discrete measurement techniques are well established however, they are limited in that they 
can only deliver a measurement for the discrete location they are placed. This means for flows 
with spatial heating gradients it can be difficult to fully describe them without a large number 
of instruments. This process can be labour intensive, and can alter the surface geometry 
disrupting the flow, and the reduction in lifetime due to high enthalpy flows increases 
instrument costs. This has led to the development of global heat transfer techniques in which 
the heat transfer of an entire surface can be mapped. These techniques include luminescent 
paints, thermographic phosphors, liquid crystals, and infrared (IR) thermography (Kurits and 
Lewis, 2009). 
Luminescent coatings utilise metal organic luminophors, which are luminescent molecules, in 
combination with a digital camera which is filtered to the wavelength being emitted. The 
processed images can then be used to characterise the surface temperature or heat transfer on 
the surface of interest. Whilst providing full field measurements with high spatial resolution, 
the upper limit of the technique is 400-500 K (Hubner et al., 2002). Another concern regarding 
the use of these temperature sensitive paints is the effect the thickness of the paint may have on 
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the accuracy of the measurement, which has been shown to have a negative impact for coatings 
thicker than 0.2μm (Ohmi et al., 2008). 
For measurement of higher temperatures, inorganic thermographic phosphors can be used. A 
thin layer of paint composed of inorganic phosphors is applied to the surface geometry and 
upon illumination with ultraviolet light visible light is emitted by electrons in the paint surface 
that become excited and decay to a lower energy. The rate of decay is dependent on temperature; 
therefore the surface temperature can be measured based on the intensity of the fluorescence 
(Roberts and East, 1996). At high temperatures the fluorescence time is very short limiting the 
use of this technique. There is also a requirement for a ultraviolet light source that can provide 
even distribution to the surface of interest, which can become difficult for complex geometries 
(Allison and Gillies, 1997). 
Liquid crystals have successfully been used to measure the surface temperature and heat flux 
in hypersonic flows. A thin coating which incorporates encapsulated liquid crystals is applied 
to the surface and when heated the liquid crystals display a colour, when the temperature is 
within the bandwidth of the crystals. This technique has shown positive results, where the data 
obtained is accurate when compared to discrete methods but with greater spatial resolution 
(Babinsky, 1994). The applied coating will also be usable for ongoing experimentation unless 
it has been ablated, however, the method is limited by the temperature bandwidth of the liquid 
crystal used (Roberts and East, 1996). 
Infrared thermography has historically been associated with difficulties in storing and 
processing the data produced (Simeonides et al., 1990). As technology has rapidly improved, 
infrared imaging has increasingly been the subject of interest.  As infrared imaging is the 
mainstay of the technique being investigated it will be reviewed in higher detail in the following 
section. 
2.3. Infrared Thermography in Hypersonic Flows 
As mentioned, infrared thermography can be considered a global heat transfer technique 
whereby the surface temperature of an object can be mapped. It has applications in both 
transient and steady state flows. The infrared detector absorbs the infrared energy which is 
emitted from a surface and converts it to an electrical voltage. Through prior calibration the 
electrical voltage is then converted to a temperature (Astarita et al., 2000). 
The use of discrete instrumentation and coatings previously described can introduce errors due 
to thermal conduction to the instrument/coating, this is avoided in the use of infrared imaging. 
It is also non-invasive and avoids the application of surface coatings (Astarita et al., 2000).   
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A challenge that presents itself in the use of infrared thermography, particularly in hypersonic 
flows, is the radiation emitted by the flow itself. This forms a medium between the infrared 
sensor and the surface being evaluated. This radiation is absorbed along with the radiation 
emitted from the surface of the object, introducing noise to the sample data. Results of analysis 
of the flow may be used to determine an IR wavelength window in which absorption of the flow 
radiation can be avoided (Cardone, 2007).  
However, this process is time consuming and may not be possible in all cases, resulting in the 
need for a technique which avoids this necessity. This has led to the development of a technique 
where an IR sensor measures the heat transfer from the underside of a surface through a thin 
surface coating. This also introduces the possibility of measuring internal surfaces that would 
otherwise be inaccessible, such as the combustion chamber of a scramjet. 
2.4. A New Method for Measuring Surface Temperature 
In 2015, Sollart undertook a thesis investigating a newly proposed surface temperature 
measuring method. The method uses an infrared window mounted in the wall of an object with 
a thin coating on the internal surface. An IR detector then measures the heat transfer to the 
underside of the thin coating, made possible by the infrared window (Sollart, 2015). The figure 
below provides a visual of how this method differs from the traditional use of infrared sensors 
for surface temperature measurement. 
 
Figure 2: Comparison of a traditional IR imaging technique (top) and the technique to be validated (bottom) (Sollart, 2015) 
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In a review of literature, Sollart (2015) concluded that the most appropriate material to be used 
for the thin film coating was either a carbon sputtered film or a thin layer of Krylon™ paint. A 
theoretical analysis comparing time dependent temperature profiles, and temperature gradients 
throughout the depth of the coating for each material then found carbon to be superior; the 
carbon film can continue to transfer heat at a thickness double that of the Krylon™ paint. A 
similar review and analysis was performed to determine the substrate to use for the infrared 
window; it was found that KRS-5, Silica and Quartz showed high thermal diffusivity allowing 
for a high temperature change to be measured but as a limitation have poor transmissivity. At 
the other end of the spectrum calcium fluoride had a comparatively lower thermal diffusivity 
but a transmissivity of 95%, and due to its availability was selected for experimentation (Sollart, 
2015). 
A simple bench experiment was designed to verify the application of the new technique. Two 
infrared sensors were used, one focused on the top layer of a thin Krylon™ coating, whilst the 
other was focused on the underside of the thin Krylon™ coating accessible through a calcium 
fluoride window.  A calcium fluoride lens was used for each sensor to maintain focus (Sollart, 
2015). A schematic of the experimental set-up used by Sollart is shown in Figure 3. 
 
Figure 3: Experimental setup used by Sollart to demonstrate the new infrared imaging technique (Sollart, 2015) 
Prior to the execution of this experiment, calibration of each sensor was performed by focusing 
the infrared detector on a heated thin copper strip. A thermocouple concomitantly measured the 
temperature of the strip as a current was passed through it increasing its temperature. For both 
detectors, a calibration plot was created using a non-linear regression model. Each sensor was 
also calibrated using two different methods: a discrete method, in which individual data points 
were obtained for different temperatures, and a continuous method, where data points were 
obtained as the thin copper strip cooled (Sollart, 2015). 
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The results of performing the bench experiment found a maximum difference of 5°C between 
surface thermocouple measurements and the surface infrared measurements, at any given time 
in a 28 second test varying between 67 and 100°C. Comparing the outputs of sensor A 
(measuring the surface) and sensor B (measuring the underside of the thin film) over a 0.2 
second timeframe, the transient cooling was found to have a close correlation. This analysis 
was repeated using both discrete and continuous calibration and rendered the same result.  It 
was concluded that the results showed the method could be used to measure the surface 
temperature from the underside of a thin coating with a maximum discrepancy between 5 - 
10°C, which would be insignificant in high temperature applications (Sollart, 2015). 
The final experiment performed by Sollart was a proof of concept experiment which utilised 
the X2 expansion tube located at The University of Queensland. The desired high enthalpy 
conditions could not be created due to the setup of the expansion tube at the time, and the test 
was run with an estimated heat transfer of 0.347MW/m2. The infrared detector responded to the 
shockwave but no temperature change was recorded, it was concluded that the enthalpy of the 
flow was not large enough to produce the required heat transfer  (Sollart, 2015). It is from this 
outcome that the desire to repeat this experimentation to validate the technique has arisen. 
2.5. Increasing the Enthalpy of the Hypersonic Flow 
In order to successfully validate the proposed infrared imaging technique, the enthalpy of the 
flow needs to be large enough to elicit a heat transfer creating a temperature change of the 
underside of the thin film coating.  Sollart (2015) performed theoretical calculations on two of 
the possible flow conditions of the X2 shock tube estimating the heat transfer created by the 
flow. The table below displays some of the flow conditions and calculated heat transfer. 
Table 2: Flight conditions and estimated heat transfer through a carbon thin film coating. Adapted from: (Sollart, 2015) 
Condition 
Reference 
Total Pressure 
(GPa) 
Velocity 
(m/s) 
Mach 
number 
Test Time 
(μs) 
Total Enthalpy 
(MJ/kg) 
Heat 
Transfer 
(MW/m2) 
Slow_100A 4.16 6840 11.8 120 24 6.02 
Medium_80A 3.1 8400 10 150 38.2 14.49 
 
Sollart (2015) also presented calculations that estimated the change in temperature expected for 
these rates of heat transfer. For a 6.02MW/m2 heat transfer it is estimated that the surface 
temperature will increase approximately 23°C after 120μs, and the inner surface temperature 
will increase approximately 20°C. For the 14.49MW/m2 heat transfer conditions it is estimated 
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that the surface and inner surface of the flat plate will increase approximately 64°C and 53°C, 
respectively after 150μs (Sollart, 2015). 
It is expected that running the X2 expansion tube using a high enthalpy flow condition will 
produce the required heat transfer, however other methods of increasing enthalpy should be 
explored to ensure experimental success.  In a Bachelor of Engineering thesis undertaken by 
Jeffery (2015), a shock generator was employed in order to produce the desired flow 
characteristics over a leading edge model (Jeffery, 2015). Figure 4 shows the shock generator 
used by Jeffery. 
 
Figure 4: The shock generator as employed by Jeffery (Jeffery, 2015) 
 
2.6. The Use of Curved Geometries in Optics 
One of the objectives of the project is to extend the use of the infrared imaging technique such 
that it can be used on a number of geometries. The natural progression from a flat plate window 
is to a fixed radius constant thickness transparent cylinder. 
Kaiser et al (2013) investigated the use of a thick, pressure resistant transparent cylinder in 
order to analyse the combustion within an engine with Schlieren imaging. Without any 
compensation the cylinder acts as a negative cylindrical lens. This causes the beam to diverge 
heavily, meaning only the light travelling on the central portion of the optical path would extend 
to the sensor (Kaiser et al., 2013). Figure 5 shows the expected divergence of light as it passes 
through the cylinder. 
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Figure 5: Divergence of light as it passes through a thick transparent cylinder (Kaiser et al., 2013) 
By using surfaces with positive refractive power the divergent effect of the cylinder can be 
compensated resulting in a wide field of view. It was noted that to achieve this, off the shelf 
parts are not available and will most likely require manufacture (Kaiser et al., 2013). The 
following figure demonstrates this method of compensating for the transparent cylinder. 
 
Figure 6: Compensating optics in conjunction with a thick transparent cylinder (Kaiser et al., 2013) 
Although this research is focused on Schlieren imaging, it is relevant to any optical technique. 
In the case of the infrared imagining technique, similar theory could be applied to a curved 
section and the radiation from the internal surface could be mapped. 
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3. Theory 
3.1. Fundamentals of Heat Transfer 
There are three modes of heat transfer that can be described by rate equations which quantify 
the amount of energy that is transferred over a period of time. 
3.1.1. Conduction 
Conduction occurs at a molecular level where by more energetic particles transfer energy to 
less energetic particles. Temperature is associated with energy, such that when a temperature 
gradient exists in a material, the molecules with the higher temperature will have a higher 
energy. This causes the neighbouring molecules to collide, transferring the heat from the more 
energetic molecules to those with less energy. For this reason conduction occurs in the direction 
of the lower temperature. 
The rate equation describing conduction is given by Fourier’s Law. For a one dimensional plane 
wall, the heat flux which is the heat transfer per unit area can be expressed as: 
 𝑞" = −𝑘
𝑑𝑇
𝑑𝑥
 (1) 
Where 𝑘 is the thermal conductivity of the material, and 
𝑑𝑇
𝑑𝑥
 is the temperature gradient in the 
direction 𝑥. 
3.1.2. Convection 
Convection occurs via diffusion, which is the random movement of molecules, and through the 
bulk motion of the fluid. The bulk motion is due to the collective movement of particles at any 
instant, and contributes to heat transfer when in the presence of a temperature gradient. When 
a fluid in motion and a bounding surface are at two different temperatures convection heat 
transfer occurs between the two. 
Near the surface where convection is occurring, heat transfer is dominated by the random 
molecular motion. As the boundary layer grows heat transfer due to the bulk motion of the fluid 
becomes more significant. In some circumstances a latent heat exchange can occur, due to the 
changing states of the fluid. Despite the various modes of heat transfer associated with 
convection, it is appropriate to express the heat flux via Newton’s Law of Cooling: 
 𝑞" = ℎ(𝑇𝑆 − 𝑇∞) (2) 
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Where h is the convection heat transfer coefficient, which is dependent on several conditions 
such as the boundary layer and nature of the fluid motion. 
3.1.3. Radiation 
Radiation is the emission of energy from the surface of matter which is at a non-zero 
temperature. Radiation does not require a material medium for heat transfer to occur, instead 
heat transfer is via transportation due to electromagnetic waves, or photons, and can be 
attributed to electron configurations changing in the constituent atoms or molecules. 
The emissive power is the rate at which energy is released per unit area from a surface. The 
Stefan-Boltzmann Law describes the emissive power, and when considering a real surface is 
most likely not a blackbody, it can be expressed as: 
 𝐸 = 𝜀𝜎𝑇𝑆
4 (3) 
Where 𝜀 is the emissivity of the material, and 𝜎 is the Stefan-Boltzmann constant, equal to 
5.67 × 10−8𝑊/𝑚2𝐾4. It then follows that the heat flux from the surface of a material to its 
surroundings is given by: 
 𝑞" = 𝜀𝜎(𝑇𝑆
4 − 𝑇∞
4 ) (4) 
 
3.2. Radiation and Thermography 
As infrared thermography measures radiation emitted from a surface, it warrants a closer look 
at the theory governing radiation heat transfer.  
3.2.1. Blackbody Radiation 
The thin films used on the surface of the infrared window are assumed to be a blackbody. The 
spectral emissive power of a black body is described by Plank’s Law, which is: 
 
𝐸𝜆,𝑏(𝜆, 𝑇) =
𝐶1
𝜆5 [𝑒
𝐶2
𝜆𝑇 − 1]
  
(5) 
Where the radiation constants are given as 𝐶1 = 2𝜋ℎ𝑐𝑜
2 = 3.742 × 108𝑊. 𝜇𝑚4/𝑚2 and 𝐶2 =
ℎ𝑐𝑜
𝑘
= 1.439 × 104𝜇𝑚. 𝐾. The total emissive power of a blackbody may be found by 
integrating Plank’s Law through the complete range of wavelengths: 
 
𝐸𝑏 = ∫
𝐶1
𝜆5 [𝑒
𝐶2
𝜆𝑇 − 1]
 𝑑𝜆
∞
0
 
(6) 
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Performing this integration results in the Stefan-Boltzmann Law, which was shown in 
Equation 3. 
As shown by Equation 5, the spectral emissivity of a material varies with both wavelength 
and temperature. Furthermore, the radiation concentrates in different regions of the spectrum 
depending on temperature. This phenomenon can be observed in Figure 7 where the peak 
spectral emissive power for a blackbody shifts to the left as temperature increases. 
 
Figure 7: Spectral blackbody emissive power at varying temperatures (Bergman and Incropera, 2011) 
Figure 7 displays the complete thermal radiation spectrum. The infrared spectrum lies between 
0.7 and 100μm, whilst the two infrared sensors to be used in this study have a peak response at 
4 and 5.3μm. It can be seen that for the expected operating temperature range of 293 – 600K, 
the emitted radiation peak wavelength should be close to that of the sensors. 
3.2.2. Irradiation 
Incident radiation is the radiation which may have been emitted or reflected from another 
source, originating from a direction defined by the angles θ and φ normal to the intercepting 
surface.  Irradiation comprises incident radiation from all directions and can be defined as the 
rate at which radiation of a certain wavelength is incident on to the surface of interest, per unit 
area, per unit wavelength, and is expressed as: 
 𝐺𝜆(𝜆) = ∫ ∫ 𝐼𝜆,𝑖(𝜆, 𝜃, 𝜙) cos 𝜃 sin 𝜃 𝑑𝜃 𝑑𝜙
𝜋/2
0
2𝜋
0
 (7) 
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The total irradiation can be attributed to the incident radiation from all directions and all 
wavelengths, and is defined as the rate at which radiation is incident per unit area. It can be 
shown as: 
 𝐺 = ∫ 𝐺𝜆(𝜆) 𝑑𝜆
∞
0
 (8) 
 
3.2.3. Reflectivity 
The reflectivity of a surface is the fraction of incident radiation reflected by that surface. A 
complete analysis of reflectivity can be difficult as it dependent on both the direction of the 
incident radiation and the direction of the reflected radiation. To simplify this problem, the 
spectral hemispherical reflectivity can be considered, which is the fraction of the spectral 
irradiation reflected from the surface. This is given by the following equation: 
 𝜌𝜆(𝜆) ≡
𝐺𝜆,𝑟𝑒𝑓(𝜆)
𝐺𝜆(𝜆)
 (9) 
By assuming the irradiation is equivalent to the radiation emitted from a blackbody, Equation 
5 can be substituted into Equation 9, giving: 
 𝜌𝜆(𝜆, 𝑇𝑖, 𝑇𝑟𝑒𝑓) ≡
𝑒
𝐶2
𝜆𝑇𝑖 − 1
𝑒
𝐶2
𝜆𝑇𝑟𝑒𝑓 − 1
 (10) 
Where 𝑇𝑖 is the temperature of the incident surface, and 𝑇𝑟𝑒𝑓is the temperature of the surface 
reflecting the radiation, and as such is also assumed to be a blackbody. 
3.2.4. Transmissivity 
Similarly, the transmissivity of a surface is the fraction of irradiation transmitted through a 
medium. Again, the analysis is a complicated problem, however, reasonable approximations 
may be achieved using hemispherical transmissivities, expressed as: 
 𝜏𝜆(𝜆) ≡
𝐺𝜆,𝑡𝑟(𝜆)
𝐺𝜆(𝜆)
 (11) 
Applying the same assumption as that used to derive Equation 10, the irradiation can be equated 
to radiation from a black body, providing the approximation for transmissivity below: 
  𝜏𝜆(𝜆, 𝑇𝑖, 𝑇𝑟𝑒𝑓) ≡
𝑒
𝐶2
𝜆𝑇𝑖 − 1
𝑒
𝐶2
𝜆𝑇𝑡𝑟 − 1
 (12) 
Where measured 𝑇𝑡𝑟 is the temperature of the surface transmitting the radiation, and as such is 
also assumed to be a blackbody. 
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For a semi-transparent material, if the properties are averaged over the infrared spectrum, the 
radiation balance is given as: 
 𝜌 + 𝛼 + 𝜏 = 1 (13) 
Where 𝛼 is the absorptivity of the material. 
3.3. Hypersonic Flow over a Flat Plate 
As the test piece used during experimentation in the X2 expansion tube is a flat plate, the 
analysis of hypersonic flow over a flat plate to predict the heat transfer is appropriate. Viscous 
effects during hypersonic flow form an important part of the analysis as kinetic energy of the 
boundary layer flow is transformed through viscous dissipation into internal energy. As a result 
the exposed surface experiences a significant shear stress and heat flux. 
The local heat transfer to the flat plate surface can be related to the local heat transfer 
coefficient, which can be expressed by the Stanton number, 𝐶𝐻. This results in the following 
equation for heat flux at a given point on the surface: 
 𝑞" = 𝐶𝐻𝜌∞𝑣∞(ℎ𝑎𝑤 − ℎ𝑤) (14) 
 Where 𝜌∞ and 𝑣∞ are the free stream density and velocity, respectively, and ℎ𝑎𝑤 − ℎ𝑤 is the 
enthalpy difference between the adiabatic wall and wall with zero heat flux. The adiabatic wall 
enthalpy can be expressed in terms of the recovery factor, r, giving the expression: 
 ℎ𝑎𝑤 = ℎ∞ + 𝑟(ℎ0 − ℎ∞) (15) 
Where ℎ0 and ℎ∞ are the stagnation enthalpy and free stream enthalpy respectively. By 
assuming a calorically perfect gas, where ℎ = 𝑐𝑝𝑇, and substituting Equation 14 into Equation 
13, the heat flux can be expressed as: 
 𝑞" = 𝐶𝐻𝜌∞𝑣∞𝑐𝑝(𝑇∞ + 𝑟(𝑇0 − 𝑇∞) − 𝑇𝑤) (16) 
The recovery factor is related to the Prandtl number via the relationship 𝑟 = √𝑃𝑟. Although r 
decreases slightly as the Mach number increases, a good estimate for the Prandtl number of air 
at standard conditions is 0.715 resulting in a recovery factor of 0.845 (Anderson, 1989). 
Calculation of the Stanton number is a complex process. Fortunately, Anderson (1989) 
published a chart of Stanton number multiplied by the square root of the Reynolds number, Re, 
against free stream Mach number. As this is a convenient method of obtaining the Stanton 
number, Equation 16 can be modified to allow for its use, giving Equation 17. 
 𝑞" = 𝐶𝐻√𝑅𝑒𝑥
𝜌∞𝑣∞𝑐𝑝
√𝑅𝑒𝑥
(𝑇∞ + 𝑟(𝑇0 − 𝑇∞) − 𝑇𝑤) (17) 
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The chart published by Anderson (1989) is displayed in Figure 8. 
 
Figure 8: Stanton numbers for hypersonic flow over a flat plate for varying Mach number (Anderson, 1989) 
In order to utilise Equation 17, the Reynolds number at the point of interest is required. The 
Reynolds number is given by: 
 𝑅𝑒𝑥 =
𝜌∞𝑣∞𝑥
𝜇∞
 (18) 
Where 𝑥 is the point of interest on the flat plate, and 𝜇∞ is dynamic viscosity of the free stream. 
The dynamic viscosity can be calculated using Sutherland’s Law: 
 𝜇
𝜇𝑟𝑒𝑓
= (
𝑇
𝑇𝑟𝑒𝑓
)
3
2 𝑇𝑟𝑒𝑓 + 𝑆
𝑇 + 𝑆
 (19) 
Where for air 𝜇𝑟𝑒𝑓 = 1.789 × 10
−5𝑘𝑔/𝑚𝑠, 𝑇𝑟𝑒𝑓 = 288𝐾 and 𝑆 = 110𝐾 (Anderson, 1989), 
and for carbon dioxide 𝜇𝑟𝑒𝑓 = 1.48 × 10
−5𝑘𝑔/𝑚𝑠, 𝑇𝑟𝑒𝑓 = 293.15𝐾 and 𝑆 = 240𝐾 (Tan, 
2014). 
3.4. Transient Conduction 
3.4.1. Semi-infinite Solid 
By assuming the thin film is infinitely long in all dimensions except the direction of heat 
transfer, the transient conduction can be considered one dimensional and can be expressed as: 
 
𝜕2𝑇
𝜕𝑥2
=
1
𝛼
𝜕𝑇
𝜕𝑡
 (20) 
Where 𝛼 =
𝑘
𝜌𝑐
 is the thermal diffusivity of the material. 
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To solve this differential equation it is necessary to impose initial conditions and boundary 
conditions, as such these are as follows: 
 𝑘 (
𝜕𝑇
𝜕𝑥
)
𝑥=0
= 𝑞𝑠 (21) 
  
 𝑇(𝑥 → ∞, 𝑡) = 𝑇𝑖  (22) 
 
 𝑇(𝑥, 0) = 𝑇𝑖 (23) 
Where k is the thermal conductivity of the material, 𝑇𝑖 is the initial temperature of the surface 
and the surface is located at x=0. With the surface heat flux, 𝑞𝑠, given as a function of time, a 
function for the time dependent surface temperature can be expressed as: 
 𝑇𝑠(𝑡) =
1
√𝜋√𝜌𝑐𝑘
∫
𝑞𝑠(𝜏)
√𝑡 − 𝜏
𝑑𝜏
𝑡
0
 (24) 
Where √𝜌𝑐𝑘 is the thermal product of the material. Through further manipulation an expression 
for the heat flux as a function of the transient temperature response of the surface can be 
obtained: 
 𝑞𝑠(𝑡) =
√𝜌𝑐𝑘
√𝜋
[
𝑇(𝑡)
√𝑡
+ ∫
𝑇(𝑡) − 𝑇(𝜏)
(𝑡 − 𝜏)
3
2⁄
𝑑𝜏
𝑡
0
] (25) 
Furthermore, if the heat transfer to the surface of the thin film is considered to be constant, an 
expression for the change in surface temperature with time can be determined from Equation 
24 and is given as: 
 𝑇𝑠 =
2𝑞𝑠√𝑡
√𝜋√𝜌𝑐𝑘
 (26) 
By applying the boundary conditions, an analytical solution to the case of constant heat flux 
can be solved. The time dependent temperature response through the depth of the film is 
expressed by: 
 𝑇(𝑥, 𝑡) =
𝑞𝑠
𝑘
[√
4𝛼𝑡
𝜋
𝑒−
𝑥2
4𝛼𝑡 − 𝑥𝑒𝑟𝑓𝑐 (
𝑥
2√𝛼𝑡
)] (27) 
The semi-infinite heat transfer analysis holds so long as the pulse of heat does not reach the 
inner surface of the film. In this case, the boundary condition represented by Equation 22 is no 
longer valid, and the analytical solution fails. 
19 
 
A convenient way to determine when this occurs, is through the use of the non-dimensional 
solution for the internal temperature and heat transfer profiles. The non-dimensional solution is 
described by the following expression: 
 𝑥∗ =
𝑥
2√𝛼𝑡
 (28) 
The ratio of heat flux at a depth x, to heat flux at the surface can then be described as a function 
of the non-dimensional solution as shown: 
 
𝑞𝑥
𝑞𝑠
= 𝑒𝑟𝑓𝑐(𝑥∗) (29) 
Similarly, the ratio of the temperature at a depth x, to temperature at the surface can also be 
described as a function of the non-dimensional solution: 
 
𝑇𝑥
𝑇𝑠
= 𝑒−(𝑥
∗)2 − √𝜋𝑥∗𝑒𝑟𝑓𝑐(𝑥∗) (30) 
Schultz and Jones (1973) produced a plot, shown in Figure 9, of the temperature and heat 
transfer profiles against non-dimensional solution, and provides a quick reference to avoid the 
need for calculation. 
 
Figure 9: Temperature and heat transfer profiles against the non-dimensional solution (Schultz and Jones, 1973) 
3.4.2. Thin Film Heat Transfer 
Schultz and Jones (1973) evaluated the errors introduced by the presence of a thin film gauge 
on a surface. This ultimately resulted in the development of an exact solution for the heat 
transfer through a system consisting of two mediums, where one is a thin film. As the infrared 
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window in this current study will have a high transmissivity, and hence a low absorptivity and 
emissivity, the heat transfer through the first medium representing the thin film is of interest. 
Therefore, the analysis performed by Schultz and Jones on the first medium will be explored 
further. 
The heat flow through the first medium is governed by the differential equation given in 
Equation 20. The boundary conditions are then defined by Equation 21, and the following: 
 𝑘1
𝜕𝑇1
𝜕𝑥
= 𝑘2
𝜕𝑇2
𝜕𝑥
 (31) 
 
 𝑇1 = 𝑇2 (32) 
Where the subscripts 1 and 2, refer to the medium 1 and 2, respectively. 
Performing a Laplace transform on Equation 20, a general solution can be solved, and along 
with the transformed boundary conditions the constants can be eliminated and the following 
solution for medium one is found: 
 ?̅?1 =
?̅?1√𝛼1 [(1 + 𝑎)𝑒
−(𝑥−𝑙)√
𝑠
𝛼1 + (1 − 𝑎)𝑒
(𝑥−𝑙)√
𝑠
𝛼1]
𝑘1√𝑠 [(1 + 𝑎)𝑒
𝑙√
𝑠
𝛼1 − (1 − 𝑎)𝑒
−𝑙√
𝑠
𝛼1]
 (33) 
Where 𝑎 = √
𝜌2𝑐2𝑘2
𝜌1𝑐1𝑘1
 
This equation can then be arranged to become: 
 ?̅?1 =
?̅?1√𝛼1𝑒
−𝑥√
𝑠
𝛼1
𝑘1√𝑠
[
1 + 𝜎𝑒
−2(𝑙−𝑥)√
𝑠
𝛼1
1 −  𝜎𝑒
−2𝑙√
𝑠
𝛼1
] (34) 
Where 𝜎 =
1−𝑎
1+𝑎
 
The solution cannot be readily inverted in this form. However, for 𝜎 < 1, the denominator 
can be express in series form, leading to the expression presented in Equation 35. 
 ?̅?1 =
?̅?1√𝛼1
𝑘1√𝑠
{𝑒
−𝑥√
𝑠
𝛼1 + ∑ 𝜎𝑛
∞
𝑛=1
[𝑒
−(2𝑛𝑙+𝑥)√
𝑠
𝛼1 + 𝑒
−(2𝑛𝑙−𝑥)√
𝑠
𝛼1]}  (35) 
Within this form, the expression can be inverted. By inverting the expression and assuming 
that the thickness of medium 1 is very small, the conductivity of region 1 is greater than 
21 
 
region 2, and that the time intervals are much larger than a characteristic time, a solution for 
constant heat flux is derived. This solution is as follows: 
 
𝑇1(𝑥, 𝑡) = 2𝑞𝑠√
𝑡
𝜋𝜌1𝑐1𝑘1
𝑒
− 
4𝑥2
4𝛼1𝑡 − 𝑞𝑠
𝑥
𝑘1
[1 − 𝑒𝑟𝑓 (
𝑥
2√𝛼1𝑡
)]
+ 2𝑞𝑠√
𝑡
𝜋𝜌1𝑐1𝑘1
∑ 𝜎𝑛
∞
𝑛=1
[𝑒
−(2𝑛𝑙+𝑥)2
4𝛼1𝑡 + 𝑒
−(2𝑛𝑙−𝑥)2
4𝛼1𝑡 ]
−
𝑞𝑠
𝑘1
∑ 𝜎𝑛
∞
𝑛=1
{(2𝑛𝑙 + 𝑥) [1 − erf (
2𝑛𝑙 − 𝑥
2√𝛼1𝑡
)]
+ (2𝑛𝑙 − 𝑥) [1 − erf (
2𝑛𝑙 − 𝑥
2√𝛼1𝑡
)]} 
(36) 
 Furthermore, the first order solution for the surface temperature of the film is given by: 
 𝑇1(𝑡) = 2𝑞𝑠√
𝑡
𝜋𝜌2𝑐2𝑘2
− 𝑞𝑠
𝑙
𝑘1
[
𝜌1𝑐1𝑘1
𝜌2𝑐2𝑘2
− 1]  (37) 
 
3.5. Optics 
The use of infrared thermography requires a basic understanding of the optical set-up required, 
and as such the fundamental theory of lens position and focusing will be presented. A simple 
optical set-up has been selected for use, making use of a thin biconvex lens to focus the infrared 
sensor. Ray tracing is used to determine the ideal positioning such that an in focus image can 
be obtained. Figure 10 displays a basic set-up using a positive lens, the object is labelled OP 
and the image produced IP’. The two focal points, F and F’, along with the lens vertex, V, form 
three key points defining the position of the rays. 
 
Figure 10: Positive lens optical system with rays used to determine ideal position for image capture (Pedrotti and 
Roychoudhuri, 2008) 
Removing the ray tracing, a thin lens with focal length f is shown in the Figure 11. 
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Figure 11: Thin lens with focal length f (Pedrotti and Roychoudhuri, 2008) 
The distance p represents the distance between the object and the lens. Likewise, the distance 
q is the distance between the lens and the image. The thin lens equation provides a relationship 
between the distances p, q and the focal length, f, and is defined as: 
 
1
𝑝
+
1
𝑞
=
1
𝑓
 (38) 
This relationship provides a simple method of determining where to place the infrared sensor 
when the focal length of the lens is known, as well as the distance of the lens from the object 
of interest. The magnification, M, of the object can also be determined as follows: 
 𝑀 =
𝑞
𝑝
 (39) 
 
3.6. Material Properties and Selection 
There are two key mediums where material properties must be considered. The thin film in 
which heat transfer from the surface to the underside will occur, and the infrared window in 
which the emitted radiation will be transmitted. 
3.6.1. Thin Film Coating 
Previously, the study undertaken by Sollart (2015) identified Krylon™ paint and carbon as 
potential thin film materials with a high emissivity. Whilst a bench experiment was performed 
on the Krylon™ film concluding the heat transfer may be too slow, limited experimentation 
was performed on the carbon film. Hence, carbon remains a material of interest. 
The methods used in this current study have potential to produce both carbon and graphite films, 
and the resultant film produced was believed to be graphite. Therefore, the properties of 
graphite are considered the most relevant to theoretical analysis. The thermal properties of 
graphite vary considerably depending on the method of deposition, size of particles and 
thickness of layer. The thermal conductivity of graphite also varies depending on whether the 
conduction occurs parallel or perpendicular to the deposition plane. 
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Shabalin (2014) provides extensive documentation of the different forms of carbon. It has been 
assumed that the form of carbon deposited in this study is pyrolytic carbon, which is graphite 
with a small presence of impurities. Furthermore, as the heat transfer is perpendicular to the 
film surface, the thermal conductivity value obtained is the property for heat transfer 
perpendicular to the deposition plane. Table 3 contains the thermal properties of graphite, along 
with those of Krylon™ paint. 
Table 3: Thermal properties of graphite and Krylon™ paint (Shabalin, 2014, Sollart, 2015) 
Property Graphite Krylon™ Paint 
Specific Heat Capacity (J/kgK) 1250 1303 
Thermal Conductivity (W/mK) 4 0.74 
Density (kg/m3) 1500 2557 
Thermal Diffusivity (m/s2) 2.13 x 10-6 2.22 x 10-7 
  
In order to determine an appropriate thickness to use for the thin film, the semi-infinite heat 
transfer approach can be used by considering the non-dimensional solution to the temperature 
profile. By assuming the test time is 100μs the non-dimensional solution can be calculated for 
varying thin film thickness. Figure 12 shows the result of performing this analysis on both the 
Graphite and Krylon™ thin film. 
 
Figure 12: Non-dimensional solution against varying film thickness 
From Figure 12, it can be seen that due to the larger thermal diffusivity graphite achieves a 
lower non-dimensional solution for increasing film thickness, compared to Krylon™. The 
implication of this is that the temperature ratio between the film underside and surface will be 
much lower. Referring to Figure 9, it can be seen that for a temperature ratio of 0.35, meaning 
the underside temperature change is a third of the surfaces temperature change, the non-
dimensional solution must be 0.5. To achieve this, the Graphite film would need to be below 
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14μm, and the Krylon™ film below 4.5μm. This result confirms that Krylon™ will exhibit a 
response too slow to be useful. Ideally, the Graphite film should be below 4μm as this will 
produce a non-dimensional solution of 0.125, equivalent to a temperature ratio of 0.8. 
3.6.2. Infrared Window 
As the intended use of this method is the measurement of hypersonic flows, it is important that 
the material used for the infrared window can withstand the higher temperatures it is likely to 
be subjected to, whilst having a high infrared transmissivity. The material properties of a 
number of common infrared materials are shown in Table 4. 
Table 4: Material properties of commonly used infrared window materials (Crystran-Ltd, 2016) 
Material Density 
(kg/m3) 
Specific 
Heat 
Capacity 
(J/kgK) 
Thermal 
Conductivity 
(W/mK) 
Infrared 
Transmissivity 
(%) 
Melting 
Point 
(°C) 
Coefficient 
of Thermal 
Expansion 
(x106/°C) 
dn/dt 
(x106/°C) 
Calcium 
Fluoride 
3180 854 9.71 94 1360 18.85 -10.6 
Magnesium 
Fluoride 
3188 1003 21 96 1255 8.9 1.7 
Fused Silica 2203 703 1.38 85-93 1600 0.55 12.9 
Germanium 5330 310 58.61 (>3μm) 97 936 6.1 396 
KRS-5 7371 200 0.544 72 414.5 58 -235 
Zinc 
Selenide 
5270 339 18 73 1525 7.1 61 
 
From Table 4 it can immediately be deduced that Germanium and KRS-5 would be 
inappropriate for use in this method due to their lower melting points, and the dependency of 
their properties on temperature as shown by high index gradients (dn/dt). The Zinc Selenide 
also has a relatively high index gradient, and the transmissivity is low at 73% in the wavelength 
range of interest. 
From Equation 36, it is noted that the material of the infrared window affects the transient 
response of the thin film coating. To investigate the effects of the three remaining materials, 
Calcium Fluoride, Magnesium Fluoride, and Fused Silica, Equation 36 was employed to 
measure the change in temperature of the underside of the thin film with time when using each 
of the materials as the infrared window. To do this, the thin film was assumed to be made of 
2μm thick graphite, with an applied heat flux of 6MW/m2. The results are shown in Figure 13. 
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Figure 13: Temperature response of the underside of the film to heat transfer using different IR window materials 
From Figure 13 it can be seen that an infrared window made of fused silica will allow for the 
best heat response of the thin film, it can also be noted that it has a high melting point, and low 
coefficient of thermal expansion. However, the transmissivity remains a concern, which varies 
between 85-93% depending on wavelength (see Appendix B for plot of transmissivity versus 
wavelength). For this reason, and due to availability, magnesium fluoride windows were 
selected for use in the system. 
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4. Bench Experiments 
As a precursor to experimenting in the X2 expansion tube, it was necessary to perform bench 
tests to demonstrate the potential of the infrared technique. It is also an essential step in the 
calibration of the infrared sensors. The following bench tests were performed: 
1. Repeat of proof of concepts experiment using a thin film of Krylon™ paint 
2. Measurement of Reflectivity of the thin carbon film 
3. Measurement of transmissivity 
4. Proof of concepts experiment using a thin carbon film 
The following section discusses the methodology used and presents the results obtained in each 
of the bench experiments performed. 
4.1. Apparatus 
The equipment considered necessary to completing the experiments, and the details of which 
are important to the outcome of the experiments are described below.  
4.1.1. Infrared Sensors 
The infrared sensors form the foundation of these experiments, with two being necessary for 
the proof of concept experiments. The transmissivity, reflectivity, and the final X2 expansion 
tube experiments only require one sensor. 
The infrared sensor used to measure the underside of the thin film was a Mullard ORP13, which 
utilises an indium antimonide photoconductive element with a spectral response ranging from 
visible to 5.6μm. The sensor requires cooling to 77K which can be achieved through use of 
liquid nitrogen or liquid air. In this case liquid nitrogen was used due to accessibility. The 
maximum response of the sensor occurs at 5.3μm, making this sensor ideal for measuring black 
body radiation. 
The Mullard sensor required an external amplifier. The amplifier used was built in-house by 
Barry Allsop, and is a 20 gain DC coupled amplifier. The amplifier was designed such that the 
signal does not decay with time allowing for continuous measurement of the acquired signal. It 
has also been designed such that the current going through the sensor is not enough to damage 
the detector, should the liquid nitrogen boil off. 
The infrared sensor used to measure the heat exposed surface was a Thorlabs PDA20H detector. 
The detector uses a lead selenide photoconductive element with a wavelength range of 1.5 to 
4.8μm, the peak being at 4μm. This sensor incorporates a fixed gain AC amplifier which is 
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provided by low noise transimpedance. The voltage output of this sensor experiences a decay 
in signal strength requiring the use of a ‘cutter’ to ensure a correct output is given. This is 
implemented by placing a barrier in the signal path, then rapidly removing it from the signal. 
A summary of the specifications of the two infrared sensors is provided in Table 5. 
Table 5: Specifications of the two infrared sensors used during experimentation 
Sensor Mullard ORP13 Thorlabs PDA20H 
Detector InSb PbSe 
Active Area Dimensions (mm) 6 x 0.5 2 x 2 
Wavelength Range (μm) Visible to 5.6 1.5 – 4.8 
Peak Wavelength (μm) 5.3 4 
Rise Time (μs) 5 35 
Detectivity, D* (x109 cm(Hz)1/2/W) 7.5 1.3 
NEP (W) 3.5 x 10-11 1.5 x 10-10 
 
The decaying signal of the Thorlabs infrared detector is problematic for use in continuous 
measurements due to the need to cut the optical path. For this reason, the Mullard sensor is used 
to measure the underside of the thin film. The ability to measure a continuous signal makes the 
sensor more versatile, and is a requirement when measuring reflectivity and transmissivity. This 
was also essential whilst undertaking experiments in the X2 expansion tube, due to the short 
duration of the impulse facilities. 
4.1.2. Thermocouple 
A type k thermocouple was selected for use during calibration as they are readily available and 
inexpensive, whilst providing accurate and reliable results. The type k thermocouple uses 
nickel-chromium and nickel-aluminium to create a voltage potential across the two dissimilar 
metals as they heat. Type K thermocouples are capable of measuring temperatures of over 
1000°C, which is significantly more than the temperatures reached during calibration. 
Two different thermocouples and an insulated probe were trialled due to varying temperature 
readings. The insulated probe was considered a possible necessity due to electrical interference 
from the heating element used, however, it was found that the response time was too slow and 
electrical interference was not evident, so its use was neglected.  
A handheld infrared sensor was used to approximate the temperature of a heated element. Of 
the two thermocouples trialled, the one which agreed with the handheld infrared sensor was the 
one that was selected for use during calibration of the Mullard and Thorlabs infrared sensors. 
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Another issue experienced in the use of the thermocouple, was the loss of contact between the 
thermocouple and the copper strip as the copper expanded due to thermal expansion. A clip was 
used to try and hold the thermocouple in place, but was found to decrease the measured 
temperature significantly due to conduction. The solution to the problem was found by changing 
the direction in which the copper strip expanded, which was determined by the direction it was 
originally bowing. This ensured that as the copper strip expanded, it did so into the 
thermocouple, maintaining contact at all temperatures. 
4.1.3. Focusing Lens 
A focusing lens was used in the infrared optical path for both infrared sensors. For both 
detectors the focusing lens used was a one inch calcium fluoride biconvex lens with a 100mm 
focal length. These lenses were used due to their availability, and their transmissivity of close 
to 95% in the range detected by the two sensors. 
4.1.4. Data Acquisition 
In order to record the temperature from the thermocouple, and voltages from the two infrared 
sensors, a data acquisition setup consisting of a computer, input module, and module chassis 
was required. The School of Mechanical and Mining Engineering Instrumentation Workshop 
at UQ assisted in obtaining and setting up an appropriate system. 
A Dell Latitude laptop with LabVIEW SignalExpress 2011 was used to obtain the voltage 
signals from a National Instruments NI cDAQ-9171 USB chassis, with a National Instruments 
NI 9219 input module loaded. The NI 9219 module is capable of high resolution acquisition at 
a rate of 1.95Hz. In order to increase the recording speed the module was used in a high-speed 
setting which lowers the resolution. This allowed for data capture at a rate of 25Hz for each of 
the four channels. The amount of noise experienced is increased by capturing at a higher rate, 
however, this was deemed acceptable due to the importance of obtaining data at a higher rate. 
4.1.5. Test Piece and Infrared Window 
A test piece based on previously used flat plate designs was used throughout the experiments. 
The test piece was made of steel, and designed to mount on to the second generation telescopic 
arm of the X2 expansion tube test section using M4 screws. The test piece incorporates a recess 
designed for a 13mm diameter by 2mm infrared window, which is located 42.5mm from the 
front of the test piece. Figure 14 displays a completed test piece manufactured by the School of 
Mechanical and Mining Engineering Workshop, with a mounted infrared window which has a 
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thin film of graphite. An 8mm diameter hole allows access to the underside of the thin film 
from the bottom of the test piece. 
 
Figure 14: Steel test piece with a graphite coated magnesium fluoride infrared window 
The infrared window mounted in the test piece is a magnesium fluoride window which has been 
used due to its ideal transmissivity, high melting point, and low thermal expansion. Torr Seal® 
low vapour pressure epoxy was used to adhere the window to the test piece, and left to cure for 
24 hours prior to performing any experimentation on the test piece. 
Appendix E contains the fully dimensioned drawings of the test piece used for manufacture. 
4.2. Coating of the Infrared Windows 
A challenge of the infrared technique being investigated is creating the thin black film for the 
heat to transfer through at the highest rate possible. Two methods of creating the thin black 
films have been used, the first is applying several thin layers of Krylon™ paint until an opaque 
film has been achieved, and the second is the use of a thin carbon or graphite film. 
The method of applying the Krylon™ paint consisted of simply holding a can of spray paint 
approximately 400mm away from the object, and moving the spray can in an up and down 
motion. The layer was then sanded lightly, and the process repeated until light could no longer 
pass through the film when held up to the light. 
In order to achieve the desired thin black film of carbon on the magnesium fluoride windows, 
several processes were implemented with varying success. Sollart (2015) detailed the use of a 
sputterer with limited success. This was therefore reserved as a second option, and instead a 
method of vacuum evaporation was trialled. This was unsuccessful leading to the use of the 
sputtering technique. After a number of issues this method was abandoned, and another method 
of vacuum evaporation was used. Each method is detailed in the following sub-sections, and 
the results achieved are discussed. 
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4.2.1. Vacuum Evaporation in the X2 Test Section 
In an attempt to use the University of Queensland X2 expansion tube test section as an in-house 
vacuum evaporator, a carbon strip was mounted between copper electrodes and placed in the 
test section. The test section was pumped down to a pressure of 30Pa, and a current was applied 
to the carbon strip. The current passing through the carbon strip heats the strip causing the 
evaporation of the carbon, which then deposits on the specimen. 
The first two attempts at implementing this method failed due to the carbon strip cracking, 
which shorted the circuit and prevented the strip from reaching a high enough temperature. On 
the third attempt the strip remained intact and a current of 450A at 18V was passed through the 
strip. This resulted in the carbon strip reaching a high enough temperature to evaporate, 
however, the current was applied long enough that the copper mounts reached a critical 
temperature and melted. A before and after photo of the apparatus used can be seen in the 
following figure. 
  
Figure 15: Carbon strip mounting apparatus before (left) and after (right) attempted carbon vacuum evaporation 
A thin layer of carbon was deposited on the windows, but it was most likely soot as opposed to 
graphite. This was evident as the deposited layer was easily removed from one of the windows, 
and is likely caused due to the vacuum being too low. 
4.2.2. HHV Auto 500 Vacuum Coater 
Due to the failure of the previous attempts at carbon coating, the HHV Auto 500 Vacuum 
Coater, located in the Centre for Hypersonics at UQ, was utilised. As previously stated, this is 
the technique employed by Sollart which resulted in a transmissive carbon film. This machine 
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uses sputter deposition, in which argon gas atomically bombards a target, causing the specimen 
atoms to be ejected from the target.  
A 4 inch carbon target was used, with the test chamber evacuated to 1 x 10-4 mBar. Using an 
RF signal with a power of 150W, a sputtering time of approximately 1.5 hours was achieved. 
A very fine layer of carbon was deposited on the windows creating a tint like effect, before the 
current could no longer be sustained. Due to unknown causes, the circuit was broken which 
prevented being able to sputter for a longer period of time. Figure 16 displays the resultant films 
produced using the X2 test section and the sputtering machine.  
  
Figure 16: Carbon coating achieved via vacuum evaporation in the X2 test section (left) and sputtering (right) 
This resulted in the need to explore other options due to the poor coverage of the carbon film. 
4.2.3. Jeol JEE-4X Vacuum Evaporator 
After the failure of the previous two methods to produce a thin carbon film, the existence of a 
vacuum evaporator located in the Centre for Microscopy and Microanalysis at UQ was 
discovered. The machine mounts a sharpened graphite rod with the point pressed against a blunt 
graphite rod. Springs on the mountings ensure the rods remain in contact during the process. 
After the test chamber is evacuated to 2 x 10-6 Pa, a current is applied to circuit which passes 
through the graphite rods, causing them to heat. This evaporates the carbon which is deposited 
on the samples below the rods. 
As the graphite is evaporated, the sharpened tip of the pointed graphite rod is removed. This 
increases the surface area of the graphite rods in contact, which in turn increases the resistance. 
Current is applied to the circuit for several seconds at a time, before resting the system for 
approximately a minute to allow it to cool. This can be repeated until the graphite rods are no 
longer in contact, at which point the chamber can be evacuated. On the three occasions that this 
method was used, three bursts of heating could be applied before the rods failed. 
Initially, one coating was applied to the magnesium fluoride windows prior to mounting in the 
test pieces. It was approximated that the thickness of the film was 1 micrometre thick, which 
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was tested for transmissivity and also underwent bench testing. Results of testing, which are 
documented in the following sections, indicated a thicker layer was required to reduce infrared 
transmissivity. The test pieces, with mounted windows, were then coated another two times 
consecutively. 
Figure 17 shows the carbon coating achieved after one session in the vacuum evaporator, 
compared to a coated window after three sessions in the vacuum evaporator. 
  
Figure 17: Carbon coating via the Jeol vacuum evaporator after one session (left) and three sessions (right) 
The graphite coating achieved after one coat allowed visible light to pass through when held up 
to a light source, this was not evident with the coating on the windows after three sessions.  
4.3. Thin Film Thickness 
In order to determine theoretical values for the surface temperature, the thickness of the thin 
films had to be quantified. Electron microscopy was investigated as a potential avenue, 
however, it was found that the process would be time consuming, and hence costly, with a 
variable chance of success. It was therefore decided that a more basic approach would be used. 
The thin film was scraped off the specimen such that half of the specimen was coated, whilst 
the other half was uncoated. A micrometer was then used to measure the coated and uncoated 
thickness of the window. The difference in these two values provides a measurement of the 
thickness of the thin film with an uncertainty of ± 1 μm. 
The figure on the following page shows the two samples used to perform this measurement on. 
 
Figure 18: Window specimens used to measure the thickness of the graphite film (left) and paint film (right) 
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It was found that the thin film created using Krylon™ paint was 27 μm, whilst the graphite film 
created after three sessions in the vacuum evaporator was between 5-6 μm. 
4.4. Experimental Set-up and Methodology 
The experimental set-up used by Sollart (2015) was adapted to perform the calibration and 
proof of concepts experiments, and then modified in order to gain data for the thin film 
reflectivity and transmissivity. 
4.4.1. Calibration 
A basic schematic of the experimental set-up was presented in Figure 3. The figure below 
displays the actual experimental set-up used, and highlights the different pieces of equipment 
and their placement.  
 
Figure 19: The experimental set-up used for calibration. The following equipment is used: (1) Thorlabs IR sensor; (2) CaF2 
Biconvex lenses; (3) type K thermocouple; (4) thin copper strip mounted on electrodes; (5) Mullard IR sensor; (6) Amplifier 
In order to produce a constant heat source for the calibration, a thin copper strip was mounted 
between two electrodes supported by a Perspex base. A rectifier with a nominal capacity of 
200A at 10V was connected to the electrodes via heavy duty copper wiring. This setup allows 
the copper strip to act as an element. The copper was also coated in a thin layer of Krylon™ 
paint to improve its emissivity, and replicate the surface of the test piece as best as possible. 
The calibration was performed by focusing the Thorlabs IR sensor on one side of the thin copper 
strip. It was located 400mm away from the cooper strip surface, with one of the calcium fluoride 
focusing lenses mounted in the middle of this path (200mm from sensor and copper strip 
surface). As the distance on each side of the lens is equal there is no magnification, so the 
detector measures the temperature of a 2 x 2mm area on the surface of the copper strip. 
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The Mullard IR sensor was placed on the opposite side of the copper strip. The second calcium 
fluoride focusing lens was placed 160mm from the copper strip surface, and the Mullard sensor 
was then placed a further 265mm away from the lens. This provides a 0.60 magnification of the 
area detected by the Mullard sensor, allowing the sensor to easily measure the underside of a 
test piece during proof of concept experiments. A 2mm thick magnesium fluoride window was 
also placed in the optical path to account for the window that the thin film was applied to. 
The thermocouple was then mounted such that it was in contact with the copper strip. It was 
positioned so that it was reading the temperature of the copper strip immediately next to the 
area on which the Thorlabs sensor was focused. 
Calibration data was obtained in two ways, the first was to increase the current supplied to the 
copper strip and allow the temperature to settle before taking a measurement for each sensor. 
This has been termed a discrete calibration method as measurements are taken at discrete points, 
and was repeated for a range of currents between 0 and 160 Amps. The second method which 
has been termed the continuous calibration, is to heat the copper to 160 Amps, and then allow 
it to cool, collecting continuous data as it cools. 
The continuous method of data collection has the challenge that the Thorlabs sensor has a 
decaying signal and requires cutting, as mentioned previously. The cutting method was used at 
a frequency of approximately three cuts per second. 
4.4.2. Analysis of Calibration Data 
The analysis of the discrete data points is straightforward, as the Mullard sensor voltage 
corresponds to the recorded temperature, and the peak produced by the Thorlabs sensor, when 
it was cut, also corresponds to the thermocouple temperature. The following figure 
demonstrates the raw output from the two sensors at a temperature between 108-108.8°C. 
 
Figure 20: Raw voltage outputs from the Mullard IR sensor (Left) and the Thorlabs IR sensor (Right) for a discrete temperature. 
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The Mullard sensor voltage decreases from a room temperature baseline as the temperature 
increases. The Thorlabs sensor also has a larger negative peak as temperature rises, as seen in 
the figure where the optical path has been cut twice, resulting in two negative peaks. 
The two sensor voltage changes can then be extracted from the data, giving the corresponding 
voltages for one discrete temperature measurement. This process was repeated for each of the 
temperature data sets so that discrete data sets of temperature versus voltage change for each 
sensor were produced. 
The process of analysing the continuous calibration data was again straightforward for the 
Mullard sensor, where the temperature at a given point could be correlated to temperature. 
However, the Thorlabs sensor was much more complicated due to the decaying signal produced 
by the AC amplifier. Figure 21 displays the raw data obtained from heating the copper to 350°C 
and recording the temperature and infrared sensors voltage changes as the copper strip cools. 
 
Figure 21: Raw data of the change in temperature and sensor voltages against time for the continuous calibration process 
As mentioned, the Mullard sensor voltage change can easily be correlated to the temperature 
change. The Thorlabs sensor on the other hand requires extra analysis. Due to the high cutting 
rate the signal does not decay to its baseline, therefore the voltage change was obtained by 
taking the negative peak values and subtracting the positive peak value immediately prior to 
the negative peak. 
The continuous calibration data was not used in the conversion of voltages to temperature, 
however, it is highly important to validate the means in which the continuous data was obtained 
and analysed as this is the method that was used for obtaining data from the experiments. In 
order to validate the methods of obtaining the continuous data, in particular that used to obtain 
the Thorlabs data, the discrete and continuous temperature versus voltage plots for each sensor 
can be compared. These plots are displayed for comparison in Figure 22. 
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Figure 22: Comparison of discrete and continuous calibration methods for the Mullard sensor (Left) and Thorlabs sensor (Right) 
From the two plots it can be seen that the continuous calibration data collection follows the 
same trend to that of the discrete calibration method. This validates the method of continuous 
calibration data collection used, and justifies the use of this method to collect the data in the 
following sections. 
In order to convert measured voltages to temperature in experiments, an equation from a line 
of best fit is required. Initially, this was performed by fitting a line of best fit to the voltage 
change versus temperature data, as it proved too difficult to fit it to the temperature against 
voltage plots. A least squares non-linear regression method was used resulting in the following 
plots. 
  
Figure 23: Plots of discrete calibration voltage vs temperature with a line of best fit determined by least squares regression 
The equation of the line of best fit for the Mullard sensor is: 
𝑉 = −1.21 × 10−4 𝑇2 + 0.0032 𝑇 − 0.216 
And the equation of the line of best fit for the Thorlabs sensor is: 
𝑉 = −2.47 × 10−7 𝑇3 + 4.01 × 10−5 𝑇2 − 0.0025 𝑇 + 0.047 
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As both of these equations are functions for voltage in terms of temperature, the bisection 
method was employed to determine the temperature from a known voltage change. 
When analysing data, this method was found to be impractical as the equations did not cater for 
temperatures lower than 38°C. Manipulation of the data was applied to find an equation for the 
temperature in terms of voltage, for both sensors. It was found that by taking the absolute of the 
voltage change a relationship was possible. 
By taking the change in voltage from baseline and multiplying it by negative one, the plots 
displayed in Figure 24 were produced. 
  
Figure 24: Plots of discrete calibration temperature vs voltage with a line of best fit determined by least squares regression 
By manipulating the data in this way, the following relationship between temperature and 
voltage change was found for the Mullard sensor: 
𝑇 = 96.796 + 25.65𝑉 − 0.539𝑉2 − 76.92𝑒−𝑉 
And the equation found for the Thorlabs sensor: 
𝑇 = 237.93 + 16.90𝑉 − 0.0139𝑉2 − 121.68𝑒−𝑉 − 74.93𝑒−18𝑉 
These equations now provide a more straight forward method of obtaining the temperature of 
a surface from a given voltage change experienced by either of the infrared sensors. 
The python code used to produce these plots, and perform the least squares regression can be 
found in Appendix F. 
4.4.3. Proof of Concepts Experiment 
The proof of concepts experiment uses the same optical set-up as that described for the 
calibration of the infrared sensors. Where the experiment differs, is the removal of the thin 
copper strip; the test piece is put in its place such that the Thorlabs sensor is focused on the 
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surface of the film. The Mullard sensor is focused on the underside of the film, through the hole 
in the test piece. Figure 25 shows the alterations to the calibration setup in order to perform this 
experiment. 
  
Figure 25: The proof of concepts experiment looking along the Thorlabs sensor’s optical path (left) and the Mullard sensor’s 
path (right) 
As the set-up requires an unadulterated optical path for the two infrared sensors, an element for 
heating, and the thermocouple cannot be used. The thermocouple also can’t be used as a 
replacement for one of the infrared sensors due to its slow response. A stainless steel barrier is 
mounted to prevent radiative noise interfering with the Mullard sensor. A hole is drilled in the 
barrier to allow for the IR path of the Mullard sensor, so that the sensor can detect the 
temperature of the underside of the thin graphite film when a test piece is in place. 
In order to heat the surface of the test piece, a hand held butane torch was used. Due to the 
flame of the torch interfering with the optical path of the Thorlabs infrared sensor only the 
cooling of the thin film was recorded. The two infrared sensor voltage outputs were then 
analysed as per the method described for the continuous calibration of the sensor. 
The proof of concepts experiment was repeated on three different test pieces. The first had a 
thin black film of Krylon™ paint, measured as 27μm thick. The second had a thin graphite film, 
approximated as 1μm thick, and the third was a thin graphite film measured as 5-6μm thick.  
4.4.4. Reflectivity Experiment 
An experiment was undertaken to attempt to quantify the reflectivity of the graphite film 
deposited on the surface of the infrared window. To achieve this, the thin copper strip was used 
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as a heat source and the Mullard infrared sensor used to measure the surface temperature. The 
Mullard sensor was set up offset from the copper strip, and a mirror placed in the optical path 
directing the focus of the infrared sensor to the heat source. A stainless steel barrier was put in 
place normal to the mirror surface to minimise radiative interference. This setup can be seen in 
the following figure. 
 
Figure 26: The experimental set-up used for testing the reflectivity of the graphite film 
The baseline was found by obtaining a voltage reading at a constant temperature using the 
mirror. It was assumed that the mirror was perfectly specular. The mirror was then covered, and 
the infrared window with graphite film used in its place. The voltage reading was again 
recorded. 
The experiment was repeated for four different incident angles: 75, 65, 55, and 45°. 
4.4.5. Transmissivity 
Tests to determine the transmissivity of the thin graphite film, and the Krylon™ paint film were 
performed using the proof of concept experimental set-up. This provided an ideal opportunity 
to perform this experiment as the barrier ensured there was only a small hole for the radiation 
to pass through. The Mullard sensor was used to collect voltage data.  
The butane torch was held in a constant position on the opposite side of the barrier to the 
Mullard sensor. It was positioned such that the Mullard sensor responded to the radiation of the 
flame. Whilst the signal was being recorded, an infrared window with either the thin graphite 
film, or painted film was held in the optical path so that it covered the hole in the barrier. Figure 
27 demonstrates the use of this method. 
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Figure 27: Measuring the change in voltage signal due to the transmissivity of the film coating 
The experiment was performed on the thicker graphite film and the Krylon™ coated film. 
4.5. Results and Discussion 
4.5.1. Proof of Concept Experiment 
The proof of concept experiment was first performed using a test piece where the magnesium 
fluoride window had been coated in a thin layer of Krylon™ paint, measured as 27μm thick. 
The exposed surface of the paint, representing the internal surface of a ducted flow, was heated 
with the butane torch. The temperature of the exposed surface was measured with the Thorlabs 
infrared sensor, whilst the underside of the painted film was measured with the Mullard infrared 
sensor. The temperatures were measured from the point where the flame was removed. The 
following two plots show the results of two repetitions of the experiment with a starting 
temperature on the surface of approximately 160°C. 
  
Figure 28: Temperature response of the surface and underside of the painted film to heat on the surface of approx. 160°C 
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It can be seen in both cases that the surface temperature, and temperature of the underside of 
the painted film show the same cooling trend. In both the first and second test run, left and right 
plot of Figure 28 respectively, the exposed surface is seen to cool from approx. 160 to 120°C, 
whilst the underside of the thin film cools from approx. 125-135°C to 100°C. There is 
consistently a difference of 20-30°C between the surface and the underside of the painted film. 
Repeating the experiment again with a lower heat flux produced the following results. 
  
Figure 29: Temperature response of the surface and underside of the painted film to a lower applied heat 
 The third test performed has an initial surface temperature of 130°C on the surface, and the 
underside has an initial temperature of 90°C. As the film cools the temperature difference 
between the surface and the underside reduces to 20°C. The final test run performed, on the 
right of Figure 29, starts at the lowest temperature of 105°C. However, the closest correlation 
between the surface and the underside can be seen ranging between 5 to 15°C difference. 
The results using Krylon™ paint show the potential of the technique where the same cooling 
trend is shown in the four test runs performed. The temperature difference between the heat 
exposed surface and the underside of the film are larger than expected, as the result obtained 
by Sollart (2015) showed a difference of 5-10°C. There are a number of reasons as to why the 
results achieved in this experimentation show a larger difference. It is most likely that the paint 
thickness is greater, resulting in a larger temperature differential between the surface and 
underside of the film. This has always been a known shortfall of using paint, and hence why 
further experimentation with a carbon film is being performed 
It is also possible that there are issues with the calibration process which may introduce error 
into the final result. Due to the time required to perform a calibration, the calibration and test 
runs were performed on different days. This introduces the potential for the optical set-up to 
change as the experiment often had to be realigned, meaning the focus of sensors could be 
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enhanced or degraded. Also, due to the cryogenic cooling of the Mullard sensor, the baseline 
was observed to change as the sensor temperature changed. This has potential to alter the 
calibration of this sensor. The method used to analyse the Thorlabs sensor is another potential 
source of error, as cutting was performed at a high rate, the sensor does not settle to baseline 
before the next measurement is taken. Although the continuous and discrete calibration 
comparison suggested the analysis method could be used to obtain the same results, it remains 
a potential cause of uncertainty. 
The same experiment was repeated again with a test piece which had the thin graphite film 
coating which had only received one coating during vacuum evaporation. It was immediately 
evident that the same trend witnessed with the Krylon™ painted film was not apparent in the 
thin graphite film. Further analysis of the raw voltage outputs of the two infrared sensors was 
deemed unnecessary, as the result of experimentation could be determined from observing the 
raw data alone.  
The figure on the following page displays the raw output of the experiments. 
 
Figure 30: The raw voltage outputs observed from performing experiments on the single coating of thin graphite 
From Figure 30 it can be seen that in both test runs, the Mullard sensor, which measures the 
underside of the thin film, almost immediately returns to its baseline voltage once the heat is 
removed. This signifies that it is most likely receiving radiation directly from the flame. Cutting 
of the Thorlabs sensor optical path began when the flame was removed, shown by the first 
negative peak. The Thorlabs sensor registers a decline in heat after this has occurred showing 
that the surface temperature is decreasing. This result demonstrates that this film was too thin 
requiring a thicker, less transmissive layer of graphite. 
After coating a test piece with an additional two layers of graphite in the vacuum evaporator to 
reduce the transmissivity, the experiment was again repeated. The rate at which the surface and 
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the underside cooled created an issue in trying to extract the data due to the Thorlabs sensor 
requiring the optical path to be cut. 
The results using the thicker layer of graphite show the same cooling trend on both sides of the 
film, however, the difference in temperature was seen to be approximately 100°C. Figure 31 
displays the analysed results from performing the proof of concept experiment with the thicker 
layer of graphite. 
  
Figure 31: Temperature response of the surface and underside of the graphite film to a lower applied heat 
The results obtained for the 5-6μm thick graphite film can be interpreted in several ways. It is 
possible that the data captures the moment that the flame is removed from the surface of the 
film. This argument can be supported by the much higher temperature of the surface, and the 
rapid cooling, less than 0.1s, observed in the first test run (left plot of Figure 31). If this is the 
case, it would suggest the film may still be too transmissive and that the Mullard sensor is 
measuring the temperature of the flame through the film. 
Another possible explanation is that the varying surface is not taken into account in the 
calibration procedure. As the copper strip which is heated during the calibration is coated in a 
thin layer of Krylon™ paint it does not accurately represent the graphite surface, where the 
emissivity and reflectance will be different. The graphite appears to be a grey body, as opposed 
to the paint surface which appears to be closer to a black body. The paint surface appears to be 
very diffusive, whilst the graphite surface was toward the specular end of the spectrum. This 
could result in both sensors having a different voltage output for the different surface, and would 
most easily be solved by calibrating the sensors to the graphite surface. 
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4.5.2. Reflectivity 
The reflectivity experiment was only performed on the final test piece used, which had the 
thicker graphite film coating of 5-6μm. Figure 32 displays the voltage change recorded by the 
Mullard sensor at one of the angles tested. 
 
Figure 32: The voltage change recorded by the Mullard sensor during the reflectivity experiment at 35° 
It can be seen that the voltage change is initially at 7.8V due to the optical path being directed 
onto the copper strip via the flat mirror. When the mirror is replaced by the graphite coated 
window, the voltage change decreases to an average of 3.4V. A similar result was obtained at 
the three other angles trialled, the results of which can be seen in Table 6. VM and TM represent 
the voltage and corresponding temperature, respectively, when the mirror was in place, and VF 
and TF are when the film coated window is in place. 
Table 6: Results of the reflectivity experiment for the four angles assessed 
Angle (°) VM (V) TM (°C) VF (V) TF (°C) Reflectivity 
75 6.4 239.16 2.4 148.33 0.297 
65 8.0 268.12 3.9 187.23 0.330 
55 7.8 264.65 3.4 175.33 0.343 
45 7.9 266.39 3.5 177.77 0.349 
 
The reflectivity has been calculated using Equation 10, and a wavelength of 5μm, assumed to 
be the wavelength producing the peak emissive power at these temperatures. 
From the results, it can be seen that the graphite film has a significant reflectivity with 
experimental values ranging from 0.297 to 0.349 depending on the incident angle. This result 
is important as it shows a significant portion of the radiation is reflected from the surface of the 
film, which is in stark contrast to the painted surface which was assumed to have a negligible 
reflectivity, and on which the calibration process was based. 
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This indicates that the absorption of the graphite film will be less than that of the painted film, 
and to gain accurate results the proof of concepts experiment should take this into account 
during the calibration procedure. 
4.5.3. Transmissivity 
The transmissivity experiment was performed on the Krylon™ painted film, the 1μm thick 
graphite film, and the 5-6μm thick graphite film. After achieving a constant voltage change 
due to the radiation from the butane torch flame, the window with the sample thin film 
coating was placed in the optical path, and the effect on voltage change recorded. The figure 
below displays two plots showing the effect that the different coated windows have. 
 
Figure 33: The voltage change when blocking the optical path with the Krylon™ painted film (left) and graphite films (right) 
It can be seen that the introduction of the painted film decreases the voltage change to close to 
zero. The plot displaying the effect due to the two different graphite films, shows that the 
decrease in voltage change is greater in the thicker sample. Table 7 displays the changes and 
quantifies the transmissivities of the three different films using Equation 12, and again assuming 
a wavelength of 5μm. V0 and T0 represent the voltage and corresponding temperature, 
respectively, before the coated windows are put in the light path, and VF and TF are when the 
film coated windows are in place. 
Table 7: Results of the transmissivity experiment for each of the thin black films trialled 
Sample Film V0 (V) T0 (°C) VF (V) TF (°C) Transmissivity 
Krylon™ Paint 3.66 181.61 0.19 38.04 0.063 
1μm Graphite 4.98 210.89 2.63 155.06 0.48 
5-6μm Graphite 6.83 247.23 2.89 162.24 0.36 
 
The results confirm what was seen in the voltage raw data. The painted film shows close to zero 
transmissivity, and can be regarded as opaque, whilst both of the graphite thin films are 
transmissive. The transmissivity of the single coat of graphite is 0.48, which prompted the 
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recoating of the remaining magnesium fluoride windows, achieving a transmissivity of 0.36. 
These results indicate that despite the increased thickness of the thin graphite film, it is still 
transmissive, and further coating is required to achieve an opaque graphite film. 
5. X2 Expansion Tube Experiment 
Testing in the X2 expansion tube within the Centre for Hypersonics was undertaken in an 
attempt to validate this method and gain further insight into the mechanisms in which the heat 
transfer through the thin black film occurs. The experiments were performed using the test 
pieces with embedded windows coated in Krylon™ paint, as well as test pieces with windows 
coated with a 5-6μm graphite film. 
5.1. Apparatus 
5.1.1. The X2 Expansion Tube 
The X2 expansion tube is one of two expansion tubes contained in the Centre for Hypersonics 
at UQ. It utilises a free piston driver to compress the driver gas to produce the required 
conditions. The tube consists of a reservoir which accelerates the piston through the 
compression tube rupturing the primary diaphragm, and driving the test gas through the 
acceleration tube into the test section. 
The flow conditions are achieved through different initial fill pressures, with the flexibility to 
separate the tube into a maximum of three sections.  As the expansion tube is a short duration 
impulse facility, effective test times are limited to approximately 200μs. Figure 34 displays a 
schematic of the X2 expansion tube. 
 
Figure 34: The X2 expansion tube as configured in 2010  (Gildfind et al., 2011) 
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5.1.2. Telescopic Arm 
The X2 expansion tube test section has various means for mounting test models. In the case of 
this experiment, a viewing window was removed from the side of the test section allowing for 
a telescopic arm to be mounted in its place. This allowed for the test piece to be mounted on 
the end of the arm, and the optical path of the infrared sensor to travel through the longitudinal 
axis, as the arm is effectively a hollow cylinder. A model of the arm is shown in the figure 
below. 
 
Figure 35: Telescopic arm used to mount test piece in the X2 expansion tube test section (Sollart, 2015) 
As the plate that the flange of the telescopic arm mounts to had been modified for use in post 
graduate experiments, the arm no longer formed a seal around the base. This required the 
manufacture of an adapter plate so that a seal could be formed and the vacuum in the X2 test 
section maintained. The adapter plate was designed so that the radius of the inner hole was the 
same as the arm, allowing the o ring of the arm’s flange to seal against the adapter plate. On the 
other face of the adapter, a groove was milled so that an o ring could form a seal against the 
modified mounting plate. The manufactured base plate is shown in Figure 36. 
 
Figure 36: Adapted plate manufactured to mount the telescopic arm 
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The adapter plate was manufactured out of stainless steel and the o ring mounted in the adapter 
plate is a 135. A detailed drawing of the adapter plate can be found in Appendix G. 
5.1.3. Infrared Sensor and Infrared Window 
The Mullard ORP13 infrared sensor was again used during the X2 expansion tube experiments. 
As discussed previously, the sensor is capable of taking continuous measurements which make 
it ideal for use with the short duration impulse facility. The Mullard amplifier was connected 
to the X2 data acquisition system which recorded voltage signals at a frequency of 30MHz.  
The infrared sensor was used in conjunction with a 200mm focal length calcium fluoride lens. 
This is the same material as the lenses used in the bench experiments, however, a longer focal 
length was used to account for the length of the telescopic arm whilst limiting the magnification 
of the sensor area. Magnification of the sensor area was found to be an issue when trialling the 
use of the lower focal length lens. 
5.2. Experimental Set-up and Methodology 
The test section of the X2 expansion tube is mounted on tracks such that it rolls backward to 
allow access to mount models. Because of this, there is no guarantee that the optical set-up will 
remain aligned each time the model is accessed. It was therefore deemed necessary to mount 
the infrared sensor and lens directly to the side of the test section so that they moved with the 
test section. Although, vibrations from the movement of the test section remained a concern, 
this method was regarded as providing a better chance of maintaining optical alignment. 
As the test section is made of steel, magnetic optical mounts were used to position the lens and 
sensor. A picture of the set-up from the exterior of the test section can be seen in Figure 37. 
 
Figure 37: The infrared sensor and lens set-up on the X2 expansion tube test section 
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The lens was positioned at a distance of 450mm from the underside of the film on the test 
piece, whilst the Mullard IR sensor was placed 360mm from the lens. This set-up results in a 
1.25 magnification of the sensor area onto the underside of the thin film, which was deemed 
acceptable as it is still less than the area of the arm exit hole. The following figure shows the 
telescopic arm prior to a test piece being mounted. 
 
Figure 38: The telescopic arm mounted in the test section prior to a test piece being mounted 
Once the optical path had been aligned and shown to be in focus by shining a light through the 
top of the Mullard sensor, a test piece was mounted on to the end of the telescopic arm. A shield 
for the front of the arm was also used to ensure excessive forces were not placed on the arm by 
the flow. Figure 39 shows a test piece with a graphite coated window mounted in the test 
section, immediately prior to testing. 
 
Figure 39: The test piece mounted on the end of the telescopic arm along with the shield 
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Once the test piece was mounted, the test section was moved back in to place, sealed against 
the shock tube. The different sections of the shock tube could then be pumped down to their 
respective pressures, and the facility could be fired, generating flow over the model. The 
experiment was repeated four times. Two different flow conditions were used, and for each 
flow condition the test was repeated using the painted film, and the graphite film measuring 5-
6μm thick. 
5.3. Flow Conditions 
Two flow conditions were used to achieve the desired high enthalpy flows that can exert a high 
enough heat transfer on the test piece in the limited duration of the impulse facilities. 
The first flow condition used was described by De Crombugghe et al (2014) at the 19th 
Australasian Fluid Mechanics Conference. The condition is intended to simulate a Venus 
atmospheric entry using a gas mixture of 97.0% CO2 and 3.0% N2. A 2.5mm primary diaphragm 
is required to prevent the flow becoming too rarefied (De Crombugghe et al., 2014). 
The second flow condition was created by Timothy Cullen from within the Centre for 
Hypersonics, and again was designed to produce a high enthalpy flow. The gas mixture used 
was air with a composition of 21.0% O2 and 79.0% N2.  
The fill conditions are summarised in the following table. 
Table 8: The two fill conditions used to perform experiments in the X2 expansion tube 
Composition 
Diaphragm 
Thickness (mm) 
Driver Fill 
Pressure (kPa) 
Driver Burst 
Pressure (MPa) 
Shock Tube Fill 
Pressure (kPa) 
Test Section Fill 
Pressure (Pa) 
97%CO2 3%N2 2.5 77.2 35.7 4.6 39 
21%O2 79%N2 2.5 77.2 37.5 3 250 
 
The theoretical free stream conditions experienced by the test piece, for each of these conditions 
is presented in Table 9.  
Table 9: Free stream conditions of the two fill conditions used during experiments in the X2 expansion tube 
Composition Pressure (Pa) Temperature (K) Velocity (m/s) 
Density 
(kg/m3) 
Total Enthalpy 
(MJ/kg) 
97%CO2 3%N2 4,729 2,852 10,020 0.00613 50.20 
21%O2 79%N2 27,603 5,141.7 8,531.9 0.01495 47.61 
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5.4. Analytical Result 
To provide an estimate of the surface temperature expected to be experienced by the thin film, 
a theoretical analysis was undertaken. Firstly, the heat flux applied to the surface had to be 
quantified. By applying the theory presented in Section 3.3, an estimate for the heat flux to the 
surface at a distance of 42.5mm from front edge, corresponding to the centre of the infrared 
window, was performed. 
Due to the wall temperature, at room temperature, being significantly lower than the expected 
temperature of the flow, the line representing 
𝑇𝑤
𝑇𝑒
= 0.25 from Figure 8 was used to determine 
the Stanton number. In order to calculate the dynamic viscosity of the flows, the reference 
values used in Equation 19 for air were: 𝜇𝑟𝑒𝑓 = 1.789 × 10
−5𝑘𝑔/𝑚𝑠, 𝑇𝑟𝑒𝑓 = 288𝐾 and 𝑆 =
110𝐾, and the values used for the CO2N2 mixture were 𝜇𝑟𝑒𝑓 = 1.48 × 10
−5𝑘𝑔/𝑚𝑠, 𝑇𝑟𝑒𝑓 =
293.15𝐾 and 𝑆 = 240𝐾. For both flow conditions the recovery factor was assumed to be 0.845.   
The results of performing these calculations for both flow conditions are displayed in Table 10. 
Table 10: Estimated heat transfer to test piece surface in the two flow conditions 
Composition 
Free Stream 
Velocity (m/s) 
Mach number 𝐶𝐻𝑅𝑒𝑥 
Heat Transfer 
(MJ/m2) 
97%CO2 3%N2 10,020 10.7 0.325 1.787 
21%O2 79%N2 8,531.9 5.84 0.38 7.292 
 
From Table 10, it can be seen that the expected heat transfer from the Venus atmospheric entry 
condition exerted on the centre of the thin film coated infrared window is expected to be 
1.787MJ/m2, whilst the heat transfer using the air flow condition is expected to be 7.292MJ/m2. 
By utilising Equation 36, the heat transfer values above can be used to calculate the expected 
surface temperature as well as the temperature at the underside of the thin film. Performing 
these calculations over a time period of 200μs, the estimated test time in the X2 expansion tube, 
the approximated temperature change with time profile can be created. The infrared window 
properties used are that of magnesium fluoride, in accordance with the experiment. Figure 40 
displays the temperature change with time for a 27μm Krylon™ coated window under both the 
Venus atmospheric entry conditions and the air conditions. 
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Figure 40: Calculated temperature change of the Krylon™ paint film under Venus atmospheric entry (left) and air (right) 
conditions 
From the two plots in Figure 40 it can be seen that whilst the heat exposed surface heats up, the 
underside of the Krylon™ paint film shows little response. In fact, it is not until about 150μs 
after the heat has been applied that any sign of response can be seen. This agrees with earlier 
findings that the Krylon™ paint film is too thick, and the thermal product too low. Regardless, 
the experiment has been carried out with Krylon™ paint to confirm this finding experimentally. 
Repeating the analysis on the same flow conditions for the graphite film coating, with a 
thickness of 5.5μm rendered the plots shown in Figure 41. 
 
Figure 41: Calculated temperature change of the graphite film under Venus atmospheric entry (left) and air (right) conditions 
It can be seen that the underside of the graphite film shows a response to the heat input on the 
surface. At a lower heat transfer rate, which occurs with the Venus atmospheric entry 
conditions, the temperature difference between the surface and the underside is approximately 
2.3°C. At the higher heat transfer rate, created by the air conditions, the temperature difference 
between the two surfaces is approximately 9°C. This signifies that if the heat flux at the exposed 
duct surface is known, then the temperature at the underside of the film could be corrected by 
adding the known difference. 
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The expected temperature change observed over the 200μs test time, for the underside is around 
3°C in the Venus conditions, and 13.5°C for the air conditions. This raises the additional concern 
of whether the infrared sensor will be sensitive enough to measure such small changes. During 
calibration it was observed that the sensor response increased exponentially with increasing 
temperature change, such that a higher surface temperature change would produce a more 
accurate reading. 
5.5. Experimental Results and Discussion 
Despite the prediction that the Krylon™ film would show little response during testing it was 
still used during experimentation for completeness. A total of four shots in the X2 expansion 
tube were performed, one shot for each combination of flow condition and film coating. 
The results for the two Krylon™ paint coated windows are shown in Figure 42. The response 
seen in the experimental Venus flow registered a temperature change of 45°C after 200μs, 
which is three times higher than the surface predicted temperature. The experimental air 
conditions showed fluctuations which were much lower than the predicted 75°C surface change. 
 
Figure 42: Krylon™ film temperature response to Venus conditions (left) and air conditions (right) in the X2 expansion tube 
Interestingly, the results show an initial oscillation characterised by a drop in temperature before 
a sharp rise, and then a drop again. It appears to be more prominent in the air conditions, 
possibly due to the temperature being lower once the oscillations settle. Two questions are 
raised by this result, firstly, what causes this oscillation, and secondly, why is a response seen 
when theory suggests it should not be. 
The initial oscillations can most likely be attributed to the vibration of the telescopic arm. As 
the focus of the optical path is down the hollow tube of the arm, it is likely that when the 
expansion tube is fired, the vibration causes the optical path become unaligned and changes 
focus to either side of the tube before righting on the point of focus again. The strong recoil of 
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the expansion tube witnessed during the experimentation supports the possibility of this 
occurrence. 
It is possible, as the transmissivity was performed on another coated window, that the painted 
film had a non-uniform surface allowing some of the flow radiation to transmit through. Due 
to the rapid change, it is unlikely that this response was due to conduction. Also, the 
transmissivity testing was performed using a butane torch. The radiation emitted from the torch 
flame is most likely a different wavelength to that of the flow, and hence may not accurately 
predict the transmissivity of the paint to X2 expansion tube flow. 
The results of performing the experiment on the 5-6μm graphite film coated infrared window 
are displayed in Figure 43 for both the Venus atmospheric entry condition and the air condition. 
 It can noted that the same decrease in temperature, suspected to be due to vibration of the 
telescopic arm, is again present in the initial 20μs, however it is less prominent due to the large 
temperatures recorded. 
 
Figure 43: Graphite film temperature response to Venus conditions (left) and air conditions (right) in the X2 expansion tube 
The temperature reading of the graphite film underside can be observed to be approximately 
350°C for the Venus condition, whilst it is around 175°C for the air condition. It can also be 
noted that a clear drop off in temperature in the graphite film in air conditions, after 200 μs, is 
likely the end of the test time for this condition. 
The temperature changes recorded are a magnitude of order higher than the predicted values. 
As the graphite windows were found to be transmissive, despite multiple attempts at coating to 
reduce transmission, it is likely that these high temperature readings are the result of the shock 
flow radiation being transmitted through the film. Also, inspection of the test piece after 
performing the experiment revealed the graphite film had been ablated by the flow raising the 
question as to how long into the flow did this occur. This was witnessed in both experiments 
55 
 
involving the graphite coating, with a different test piece used each time. The Krylon™ painted 
test piece withstood two experiments using the same piece, Figure 44 shows graphite test piece 
after one shot, and the Krylon™ test piece after two shots. 
 
Figure 44: The Krylon™ film (left) and graphite film (right) coated test pieces after experimentation 
 
6. Conclusion and Recommendations 
A review of literature identified a need to develop a non-destructive means of measuring the 
temperature of the inner surface of a hypersonic duct. The traditional means of measuring 
temperature using physical instruments becomes expensive in the high temperature 
environment as it is a time consuming task to replace instrumentation which is destroyed at a 
higher frequency. 
Other methods of measuring the temperature, such as temperature responsive paints and 
coatings, provide a higher spatial resolution but suffer a lack of response at higher temperatures, 
and disrupt the heat transfer through conduction losses. This presents the real need to develop 
the infrared technique presented in this report. It is also noteworthy that this method is not 
limited to internal flows, and may be useful in a wide range of applications. 
A review into the use of curved geometries used for infrared measurements found little results, 
however, a similar process could be adapted to that shown using Schlieren imaging of a curved 
piston cylinder. Computational techniques could also be employed to correct the refraction of 
a curved window, and by focusing the infrared sensor down the vertex of the curve no correction 
will be required due to the refraction being equal to 0 on this ray. 
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The bench experiments performed have shown that a paint film is too thick to be applied to this 
technique, particularly in short duration facilities where a quick response is desired. It was 
observed that heating one side of the painted film did illicit the same response on the underside 
of the film, however it had a large temperature differential between the two surfaces and a clear 
lag in response.  
Performing the same experiment with the graphite film proved to be difficult as transmissivity 
posed a problem. After additional coating a response on the underside of the film similar to the 
surface was observed, however a difference in temperature of 100°C was present. This could 
be due to the film picking up radiation from the butane flame that was transmitted through just 
as it was removed, or could be due to the calibration not being performed using a carbon coating. 
Despite the graphite film appearing to block out light, it was still shown to be transmissive. It 
is clearly effective at blocking visible light, but allows infrared transmission. Applying 
additional layers of coating does reduce the transmission, however, it will increase the thickness 
reducing the required responsiveness. Theoretical analysis suggested the graphite is already 
verging on being too thick at 5-6μm. The reflectivity of the graphite was also shown to be 
significant. Again, this would not have been accounted for in the calibration process and would 
limit the absorptivity of the graphite, and hence conductivity to the underside. 
Performing the experiments in the X2 expansion tube confirmed the results from the bench 
test. The painted test piece elicited a response but this response was delayed, and it is 
questionable if it was due to heat transfer through the paint, as the results show no 
relationship to analytical predictions. The graphite showed an immediate response, however 
the temperature was large, and most likely due to radiation transmitted through the film as 
the graphite has been shown to be transmissive. It is also unknown whether the graphite was 
ablated instantly as the film was no longer present after the shot. It is also possible that the 
paint and graphite are transmissive to some infrared wavelengths exhibited by the flow that 
had not previously been irradiated.  
As the optical set-up has changed for the X2 experiment, this again could change the voltage 
output of the sensor, and in conjunction with the graphite film it is likely the recorded 
temperatures may be different to the true temperature. 
The Venus atmospheric entry conditions showed higher recorded temperatures for both test 
pieces, when compared to the air conditions. This is in contrast to the analytical results, 
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suggesting the assumptions in the values used to calculate the heat transfer due to the Venus 
conditions may need review. 
The main aim of this thesis was to validate this method in the X2 expansion tube. Despite not 
being able to achieve this, valuable results have been obtained, and for ongoing research the 
following recommendations can be made.  
A thicker layer of graphite is required to reduce transmissivity, however this may decrease the 
quick response of the graphite. A review of other carbon materials that could be used should 
be performed, notably diamond is strong and has a high thermal product. Also, a diffusive 
surface is more desirable leading to the need for a method to achieve this whilst maintaining 
a uniform thin film. 
If the film remains transmissive, methods to filter radiative noise from the flow could be 
applied. This provides another area of research that may be required. 
Calibration should be performed with each material and also under the same optical set-up 
for which it is intended. This will aid in removing discrepancies due to transmissivity and 
reflectivity. 
It is noted that the thin film theory displays a dependency on the material on which it is 
deposited. Further research into how this is accounted for in the results is required as the 
infrared window material will not accurately reflect the material of the structure elsewhere 
on which the film will be deposited.
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Appendices 
Appendix A – Python code for non-dimensional analysis 
 
Appendix B – Transmissivity versus wavelength plots 
All plots obtained from the manufacturer’s data sheets (Crystran-Ltd, 2016). 
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Appendix C – Python code for exact temperature solution 
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Appendix D – Python code for IR window analysis 
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Appendix E – Test Piece Drawing 
 
 
Appendix F – Python Code for Voltage Conversion and Calibration Plots 
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Appendix G – Adapter Plate Drawing 
 
Appendix H – Python code for X2 theoretical analysis 
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Appendix I – Python code to convert X2 voltage output to temperature 
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